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Chromium tellurium compounds are important two-dimensional van der Waals ferromagnetic materials with high
Curie temperature and chemical stability in air, which is promising for applications in spintronic devices. Here, high-
quality spin—orbital-torque (SOT) device, Bi, Te3/CrTe, heterostructure was epitaxially grown on Al,O3 (0001) substrates.
Anomalous Hall measurements indicate the existence of strong ferromagnetism in this device with the CrTe, thickness
down to 10 nm. In order to investigate its micromagnetic structure, cryogenic magnetic force microscope (MFM) was
utilized to measure the magnetic domain evolutions at various temperatures and magnetic fields. The virgin domain state
of the device shows a worm-like magnetic domain structure with the size around 0.6 pum-0.8 wm. Larger irregular-shape
magnetic domains (> 1 pm) can be induced and pinned, after the field is increased to coercive field and ramped back to
low fields. The temperature-dependent MFM signals exhibit a nice mean-field-like ferromagnetic transition with Curie
temperature around 201.5 K, indicating a robust ferromagnetic ordering. Such a device can be potentially implemented in

future magnetic memory technology.

Keywords: CrTe;, magnetic domain, magnetic force microscopy

PACS: 75.70.-1, 75.60.—d, 75.47.—m, 85.70.-w

1. Introduction

Since the discovery of two-dimensional (2D) ferromag-
netism in CrzGezTe6[1J and CrI3,[2J 2D magnetic materi-
als have recently drawn tremendous attentions because of
their unique properties. 2D layered materials with van der
Waals force bonds can be artificially combined to form novel
heterostructures!®! and twisted layered structures with in-
triguing quantum phenomena, such as orbital magnetism,“!
superconductivity,>°! and quantum anomalous Hall effect.!”]
Transition metal dichalcogenides (TMDs) comprise a large
family of materials with chemical formula MX,, where M
is a transition metal atom (such as V, Cr, Mn, W or Mo)
and X is a chalcogen atom (such as S, Se or Te). Mag-
netic TMDs exhibit excellent magnetic properties of low-
dimensional materials and have great potential applications
in spintronic devices. Among the large family of magnetic
TMDs, chromium tellurium compounds with different com-
positions have been extensively studied.’®?%) Some appeal-
ing phenomena have been discovered in this material sys-
tem, such as skyrmions,“gJ biskyrmions,lzo] colossal anoma-
lous Hall effect (CAHE),['>?] and planar Hall effect. ¢!
Moreover, these materials have shown outstanding magnetic
properties at near-ambient conditions, making it promising
to be utilized in industrial devices. For instance, a high-
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quality 2D CrsTeg nanosheets on mica substrate was syn-
thesized via chemical vapor deposition (CVD) and their ro-
bust magneto-optical Kerr effect (MOKE) signals remain al-
most unchanged after three months of aging in air.[>>! Using
element-selective x-ray magnetic imaging and magnetic force
microscopy (MFM) techniques, magnetic domains and Néel-
like domain walls in micron-sized flakes of the CrTe, vdW
ferromagnet were resolved at room temperature.!!?! Recently,
a thickness-dependent ferromagnetism in epitaxially grown
Cr,Te; thin films was reported.!'® Even in the strict 2D limit,
the monolayer Cr,Tes still retains the ferromagnetism despite
the reduction in 7; due to the dimensionality effect. These
results pave the way for optimizing the performance of 2D
ferromagnetism for future applications.

High-quality 2D ferromagnets can be harnessed in mag-
netic random-access memory (MRAM) devices with the ad-
vantages of high durability, high speed, low power con-
sumption, good miniaturization, and well-behaved device
consistency.?°! In spin—orbital-torque (SOT) MRAM, the fer-
romagnetic layer is usually integrated with the strong spin—
orbital coupling (SOC) layer, e.g., heavy metals and topo-

[30-34] Therefore, the magnetization can be

logical insulators.
reversed by flowing a current, instead of applying magnetic

fields. Recently, wafer-scale Bi,Tes/CrTe; heterostructures
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have been grown on sapphire substrates by molecular beam
epitaxy (MBE) and substantial switching power reduction has
been achieved in this SOT device, providing a route for de-
sign of energy-efficient spintronics based on 2D ferromagnets.
The low switching power ~ 8 mW/um? and a high endurance
of more than 5x10* write/read cycles have been experimen-
tally demonstrated.?”) Magnetic domain structures in SOT de-
vices are of high interest because they can be used as infor-
mation storage unit. Although micromagnetic structures have
been characterized on ultrathin CrTe crystals/®!?l and bulk
CrsTeg crystals,[>*] the systematic measurements of magnetic
domains in CrTe-based SOT devices are still lacking.

In this work, high-quality BiTe3/CrTe, heterostructures
were grown by molecular beam epitaxy (MBE), which was
characterized by x-ray diffraction (XRD), Raman and atomic
force microscope (AFM) techniques. The heterostructures
were fabricated into Hall bar device for cryogenic MFM and
transport measurements. Direct observation of magnetic do-
main structures at various magnetic fields and temperatures
confirms a robust ferromagnetic long-range ordering in this
heterostructures, which is consistent with the anomalous Hall
measurements. Our micromagnetic studies of BirTes/CrTe;
heterostructure pave the way for utilizing SOT devices in next-
generation magnetic-memory technology.

2. Experiments

The crystalline structure of BiTes/CrTe, heterostruc-
ture with ferromagnetically ordered Cr spins was shown in

Fig. 1(a). In 1T-phase of CrTe,, Cr (green spheres) and Te
(gray spheres) atoms with P3m1 space group follow the Te—
Cr-Te Z-shaped stacking configuration. BiTes layer with
R3m space group grown on top of CrTe, layer, has Te-
Bi-Te-Bi—Te stacking configuration. The Bi,Tes/CrTe; het-
erostructures were epitaxially grown on Al,O3 (0001) sub-
strates by using an MBE system with a vacuum of 10~ !9 mbar
(1 bar=10° Pa). Prior to the sample growth, the Al,O3 sub-
strate was heated at 600 °C in order to remove absorbed con-
tamination. The Cr and Bi elements were evaporated from
standard Knudsen effusion cells, while the Te elements were
evaporated from a thermal cracker cell. The growth processes
were monitored by the reflection high energy electron diffrac-
tion (RHEED). In order to determine its crystalline structure,
high-resolution x-ray diffraction (XRD) was used to observe
the diffraction peaks with the K, x-ray of the Cu target. The
XRD data in Fig. 1(b) shows only a series of CrTe, (00n)
and BiyTes (00n) diffraction peaks without any impurity phase
and confirm the high-quality crystallinity of the Bi; Tes/CrTe,
heterostructure on sapphire [Al,O3 (0001)] substrate, consis-
tent with previous literature reports.!”®! Raman spectra of the
CrTe; nanosheets in Fig. 1(c) show two pristine characteris-
tic peaks at 102.2 cm~! and 136.6 cm~! wave number, cor-
responding to the out-of-plane A, and in-plane E, vibration
modes, respectively. Such Raman peaks coincide well with
the data reported in previous CrTe; studies.[!3]
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Fig. 1. (a) A schematic picture of crystal structure of Biy Te3/CrTe, heterostructure. (b) XRD data of Bi; Te3/CrTe; heterostructure grown on Al,O3 (0001)
substrates. (c) Raman data of CrTe; thin film. (d) AFM image on the sample edge of the heterostructure, inset shows the line profile along the dashed green
line in panel (d). (e) After zero-field cooling process to 2 K, the MFM image taken at ground state after zero-field cooling to 2 K. (f) Line profile along the

gray line in panel (e).
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Room-temperature AFM (Cypher ES, Asylum Research)
was used to characterize the roughness and thickness of the
heterostructure. Hall bar device of Bi,Te3/CrTe, heterostruc-
ture (40 pm x 20 pm) was fabricated for MFM and transport
measurements. The Hall and longitudinal resistances were
measured by a lock-in amplifier (SR830) combined with a
current source (Model 6221) providing an AC current around
1 pA. Cryogenic MFM measurements were performed in
cryogen-free closed cycle cryostat (Attodry2100). Commer-
cial magnetic probes (NanoWorld) were driven at resonance
frequency ~ 70.6 kHz and lifted ~ 100 nm above the sample
surface. The heterostructure was coated by ~ 10-nm Au film
and the tip was grounded with the sample surface to eliminated
the possible electrostatic interaction. The resonance frequency
shift which is scaled with the local field gradient was recorded
as MFM signal. The blue and yellow areas in the MFM images
represent up and down magnetic domains.

3. Results and discussion

In order to verify the thickness of the Bi,Te3/CrTe; het-
erostructure, its sharp step edge was exposed by hand scratch
using a sharp tweezer. As shown in Fig. 1(d), the AFM im-
age of the heterostructure shows a clean and flat surface with
~ 1.8-nm roughness. The line-cut cross the sample edge, as
shown in the inset, exhibits two sharp steps with the total
thickness ~ 30 nm. The top and bottom layers are roughly

20 nm and 10 nm respectively, which likely correspond to
BiyTe; and CrTe; layers based on nominal thicknesses esti-
mated from growth time. Thus, the ferromagnetic CrTe, layer
consists of approximately 16 monolayers (MLs). MFM im-
ages were taken at 2 K to investigate magnetic ground state
of the BiyTes/CrTe, heterostructure after the sample was zero
field cooled (ZFC) from room temperature. As shown in
Fig. 1(e) the worm-like domain structure was observed at zero
field. This is a typical domain pattern for ferromagnetic films
with perpendicular uniaxial magnetic anisotropy. A line-cut
through the magnetic domain structures reveals the representa-
tive domain size in the range around 0.6 pm-0.8 um. External
magnetic fields were applied to see how the magnetic domains
evolve from the magnetic ground state, as shown in Fig. 2. At
0.15 T, the magnetic domain pattern is not changed signifi-
cantly, because the magnetic field is not strong enough to flip
the magnetic moments. However, the domain contrast was en-
hanced by ~ 3.6 times, because of the enhanced MFM tip mo-
ments. Further increasing external fields results in a gradual
reduction of the anti-parallel domain areas due to depinning of
the domain boundaries. The magnetic worms shrink into mag-
netic bubbles as shown in Figs. 2(e)-2(i). The magnetic film
was finally saturated at 1 T, as the pinned magnetic bubbles to-
tally disappeared. In order to obtain the virgin magnetization
(M-H) curve, the binary images with 0 and 1 elements (repre-
senting up and down domains) were calculated based on MFM

images.

Therefore, the normalized magnetization (M /M;)

(h)

0 02 04 06 08 1.0
B (T)

Fig. 2. (a)—(j) MFM images (2 K) taken at various magnetic fields from 0.15 T to 1.00 T after zero field cooling. The nominal fields were
labelled at left upper corners of the MFM images. (k) The normalized magnetization estimated from MFM images at various magnetic fields.
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can be estimated by using this following formula:
Nup —N, down
N, up + Naown ’

where M is the saturation magnetization, and Nyp, is the area of

M/M = (1)

up domains, Ngown 1S the area of down domains. By calculating

the normalized magnetization at various magnetic fields, the
M /Ms—H curve was plotted in Fig. 2(k). It exhibits a domain-
wall-type virgin magnetization curve, with a gradual increase

of M at beginning. This indicates the domain wall pinning

dominates the magnetization reversal process.

Fig. 3. (a)-(k) MFM images (20 K) taken at various magnetic fields. The nominal fields were labelled at right upper corners of the MFM
images. (1) The solid blue circles represent M /M,—H data deduced from the MFM images. Note that another half is replicated from measured
results via symmetry. The pink curve is the anomalous Hall resistance as a function of magnetic fields.

The field-sweeping MFM experiments were performed
at 20 K to study the magnetization reversal process in the
Bi;Te3/CrTe, heterostructure. The sample was fully mag-
netized at large negative magnetic fields at first. Then the
field was ramped to zero and MFM images were taken. The
film was maintained at the negatively magnetized state as
shown in Fig. 3(a), indicating a strong perpendicular magnetic
anisotropy (PMA). At 0.3 T and 0.34 T, nucleation of posi-
tively magnetized areas occurs at the upper left and lower left
parts of the region, as shown in Figs. 3(b) and 3(c). Keeping
increasing the magnetic field, the propagation of the magnetic
domain walls could be observed and more areas were posi-
tively magnetized. The up and down domain areas were al-
most equally populated at 0.36 T and net magnetization were
approaching zero, suggesting the coercive field at 20 K around
0.36 T. Note that the domain wall creeping is inevitable around
coercive field, which is unfavorable for MFM imaging. To
minimized domain wall creeping effect and the influence from
magnetic tip stray field, all MFM images were taken at a small
magnetic field of approximately 0.1 T after the magnetic field
was ramped to the desired value. The pinned magnetic do-
main structures imaged around the coercive field show rela-
tively large domain size around 2 um-3 pm, in sharp contrast

to the worm-like domain structures after ZFC. When the mag-
netic field was increased to 0.42 T, only small pinned magnetic
bubbles could be seen and the M /M; value is around 0.9, in-
dicating the heterostructure was almost saturated. The ratio of
coercive field to saturated field is around 0.86. This suggests
a sharp magnetization reversal typical for a high-quality mag-
netic film with weak magnetic pinning. At 1.0 T, all pinned
bubbles disappeared and the film was fully saturated. The
square-like M /M—H hysteresis loop was plotted in Fig. 3(1).
In order to compare the local magnetic characterization with
the bulk one, anomalous Hall measurements were performed
on the same heterostructure. The raw Hall resistance was mea-
sured after antisymmetry operation to remove the longitudinal
resistance. The total Hall effect consists of two contributions,
ordinary Hall effect and anomalous Hall one:

Ry =R 4R =RoB+RM, )

where B is the magnetic field, Ry is the ordinary Hall co-
efficient, Ry is the anomalous Hall coefficient, and M is the
magnetization. After subtracting the ordinary Hall slope, the
anomalous Hall contribution can be revealed, which is propor-
tional to M. The anomalous Hall loop (pink curve), as shown

087504-4
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in Fig. 3(1), is in good agreement with the M /M—H loop esti-
mated from MFM. This indicates the local MFM measurement
is representative of the whole heterostructure and its magnetic
property is relatively uniform. The variable-field MFM exper-
iment was also performed at 100 K to investigate the temper-
ature dependence. The magnetization reversal process shows
similar ferromagnetic domain behavior with strong PMA, as
shown in Fig. 4. Compared to 20-K experiments, more nu-
cleation sites could be spotted at the early magnetization re-

(a) (b) , (c)

versal processes, for instance, two nucleation sites appeared in
Fig. 3(c) for 20-K experiments, while four sites appeared in
Fig. 4(c) for 100-K one. This indicates the nucleation energy
barrier is easier to overcome at elevated temperatures. The
coercive field and magnetic signals at 100 K become smaller,
i.e., H. is almost halved, the MFM signal is reduced to roughly
0.7. The reduction of nucleation sites at higher temperatures

have been also observed in other ferromagnetic thin films. 3]

(d) (e)

&
(=)
pty (uQ-cm)

|
—_
N

|
—
oo

Fig. 4. (a)-(k) MFM images (100 K) taken at various magnetic fields. The nominal fields were labelled at left upper corners of the MFM
images. (1) The solid red stars represent M /Ms—H data deduced from the MFM images. Note that another half is replicated from measured
results via symmetry. The green curve is the anomalous Hall resistance as a function of magnetic fields.

Variable-temperature MFM measurements were con-
ducted at zero magnetic field to study the ferromagnetic tran-
sition of the BiyTe3/CrTe; heterostructure. We applied mag-
netic field at 0.4 T (around H.) at 2 K, and then removed the
field to induce large magnetic domains. As the temperature
increases, the magnetic domain pattern was not altered signif-
icantly, while the domain contrast was indeed decreased, as
shown in Figs. 5(a)-5(k). Around 200 K, the magnetic do-
main wall was blurred and only weak magnetic inhomogene-
ity was observable, indicating the melting of ferromagnetic or-
der around Curie temperature. Further increasing the temper-
ature drove a ferromagnetic to paramagnetic phase transition,
and magnetic signal eventually disappeared. To quantitatively
characterize the temperature-dependent magnetic domain con-
trast, the MFM signals from the up (blue box) and down (yel-
low box) domains were deduced:

. | 2 . 1 2

fup:_ZZﬁa fdown:_Zija
s i3

Af:f_up_f_downa

where f; is MFM signal (frequency shift) for each pixel, the
pixel for blue and yellow square box is n =9, domain contrast
Af means the average phase value fup in blue box minus the
average phase value fyown in yellow box. The error bar of Af
was calculated by the root-mean-square (RMS) values of the
9 x 9 pixels in the blue square:

2

(fi—7)

1

=

- 1
SfrRms = 2

The temperature dependence of domain contrast from MFM
images was plotted in Fig. 5(1). The temperature depen-
dence curve can be nicely fitted by the mean-field theory for
a Landau second-order phase transition: M o (Tc —T)°°.
The nonlinear fitting gives the Curie temperature (7c) of
the BipTe3/CrTe, heterostructure around 201.5 K. The mean-
field-like behavior of the ferromagnetic phase transition in-
dicates a robust long-range ferromagnetic order in the het-

erostructure.
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(d) (e)
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Fig. 5. (a)—(k) Zero-field MFM images of induced ferromagnetic domains measured at different temperatures. The nominal temperatures were
labelled at left upper corners of the MFM images. (1) The purple points are the difference of MFM signals from blue and yellow boxes as

shown in panel (a) at various temperatures. The red dashed line is the fitted curve based on mean-field theory.

4. Conclusion and perspectives

In conclusion, we systematically studied the magnetic do-
main structures of Bi,Tez (20 nm)/CrTe,(10 nm) heterostruc-
ture, which has shown excellent SOT switching performance.
Worm-like sub-pm magnetic domains spontaneously form at
its ground state after ZFC, while larger magnetic domains with
asize around 2 pum—3 pm can be induced around coercive field
during isothermal magnetization reversal process. The field
and temperature dependence of the MFM images show a ro-
bust ferromagnetic ordering in this SOT device, which could
be potentially utilized in MRAM. Up to now, the SOT switch-
ing of BiyTes3/CrTe; heterostructure still requires an in-plane
magnetic field, which is not favorable for industrial applica-
tions. The in-plane symmetry breaking can be artificially in-
troduced by exchange coupling,?%37! device asymmetry, 383
and structural dislocations. *°! Further MFM studies of the do-
main evolution during field-free SOT switching will be in-
triguing for material scientists to understand the underlying
mechanism of SOT at microscopic scale.
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